Introduction
============

Nanotechnology is a new field with prospective applications for domestic, industrial, and biomedical products.[@b1-ott-8-295] The increasing use of engineered nanomaterials in a variety of consumer products, such as health, cosmetic, food, agricultural, recreational, and clothing products, has afforded increasing exposure of human tissue and physiology to nanomaterials by different routes into the human body. The consequences of such exposure, both deliberate and inadvertent, to large populations are currently being debated with little consensus on risk, toxicity, risk management, and exposure.[@b2-ott-8-295] These properties need to be evaluated in order to provide a scientific basis for the safe development of nanotechnology. The unique properties of nanomaterials (chemical, mechanical, optical, magnetic, and biological) make them desirable for industrial and medical applications.[@b3-ott-8-295] Increasing systemic exposure to humans in dermally absorbed, ophthalmologically applied, ingested, inhaled, and possibly parenterally injected silver forms facilitates vascular transport and penetration of AgNPs across tissue surfaces and through membranes. Therefore, whether the potential for evasion of immune cell-based clearance will lead to systematic acute cytotoxicity, chronic cytotoxicity, or illness remains an open question.[@b4-ott-8-295] Oberdörster et al[@b5-ott-8-295] reported that nanoparticles are materials of great concern among health and environmental scientists because they are prospective human and environmental menaces.

The lethal properties of nanoparticles can be attributed to their small size and large surface area, both of which increase chemical reactivity in and penetration into the living cells.[@b6-ott-8-295] It has been reported that AgNPs are more toxic than other metal nanoparticles, including aluminum, iron, nickel, and manganese, but the mechanism of AgNP toxicity is not clear.[@b7-ott-8-295],[@b8-ott-8-295] Li and Chen[@b9-ott-8-295] reported that nanoparticles crossed biological barriers to reach different organs because of the nanoparticles' small size and surface properties. Free radical production and oxidative stress provokes a wide variety of cellular events, including DNA damage and apoptosis.[@b10-ott-8-295]

The aim of this study was to assess the biological risks and benefits of AgNPs. To achieve this, we undertook a systematic study ([Figure 1](#f1-ott-8-295){ref-type="fig"}) involving the evaluation of apoptosis, biochemical properties, and oxidative DNA damage. We studied the effect of acute dosing with AgNPs in order to identify potential ultrastructural alterations in the liver and blood parameters of the Swiss albino mice and to assess cellular responses when AgNPs are used in biomedical applications.

Materials and methods
=====================

Chemicals and animals
---------------------

Silver nitrate (99.9%), cetyltrimethylammonium bromide (CTAB, 98%) and propidium iodide were obtained from the Sigma-Aldrich Co. (St Louis, MO, USA). All other chemicals were purchased from other commercial sources.

A total of 40 healthy Swiss albino mice were picked up from the Laboratory Animal Center (College of Pharmacy, King Saud University, Riyadh, Saudi Arabia). All of the mice were of nearly the same age (6 weeks old), and each weighed 25--30 g.

AgNP preparation and characterization
-------------------------------------

AgNPs were prepared by the reduction of silver nitrate solution with aniline in the presence of CTAB. A series of experiments was performed in which variances were made in the concentrations of oxidant, reductant, and stabilizer in order to obtain a perfectly transparent silver solution. In a typical procedure, 8 mL of a 0.01 mol/dm^3^ solution of silver nitrate was mixed with 5 mL of a 0.01 mol/dm^3^ CTAB solution. The colorless reaction mixture slowly converted to the characteristic pale yellow color when 20 mL of a 0.01 mol/dm^3^ solution of aniline was added in the solution of silver nitrate and CTAB. The total volume of the reaction mixture was always 50 mL. The whole solution had a pH of 10.2. The appearance of color indicated the formation of AgNPs.[@b11-ott-8-295]

AgNPs were suspended in Milli-Q water at a concentration of 10 mg/10 mL. The stock suspension was probe sonicated at 40 W for 15 minutes. The hydrodynamic size and zeta potential of the suspension of AgNPs in water were measured by dynamic light scattering (Zeta sizer-HT; Malvern Instruments, Malvern, UK). Samples for transmission electron microscopy (TEM) analysis were prepared by drop-coating carbon-coated copper TEM grids with AgNP solution. The films on the TEM grids were allowed to dry prior to measurement. TEM measurements were performed on a JEOL model 2100F instrument operated at an accelerating voltage at 200 kV.

Experimental design
-------------------

The mice were maintained on standard laboratory rodent diet pellets and were housed in ventilated, humidity- and temperature-controlled cages on a 12 hours day/night cycle. Five animals from each group were killed by dislocation of the neck after 24 hours of treatment with AgNPs, and five more animals from each group were killed by the same method after 72 hours of treatment with AgNPs. All experiments were conducted in accordance with the guidelines approved by the King Saud University local animal care and use committee.

On the basis of a 50% of lethal concentration (LC~50~) value of 72 hours, we have selected three doses (26 mg/kg body weight, 52 mg/kg body weight, and 78 mg/kg body weight) of AgNPs. A study was conducted in order to compare the toxicity of nanoparticles with the three different doses after 24 hours of treatment and after 72 hours of treatment. The animals were divided into four groups of twenty mice each and treated for 72 hours as described in the next section. Group I Control animals (received drinking water but no AgNPs).Group II AgNPs (26 mg/kg body weight for 24 hours and 72 hours) were exposed via ip.Group III AgNPs (52 mg/kg body weight for 24 hours and 72 hours) were exposed via ip.Group IV AgNPs (78 mg/kg body weight for 24 hours and 72 hours) were exposed via ip.

Blood sampling
--------------

Serum from the blood sample was harvested after centrifugation at 5,000 rotations per minute and stored at −80°C until it was time to determine aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) levels by using a Cayman chemical kit.

Alkaline single-cell gel electrophoresis
----------------------------------------

The single-cell gel electrophoresis/comet assay was performed as a three-layer procedure with a slight modification in the way conventional microscopic slides were used.[@b12-ott-8-295],[@b13-ott-8-295] The slides were cleaned with 100% ethanol and flame dried. The lymphocytes were separated from the whole blood by using the Histopaque density gradient centrifugation method. The cells were diluted 20-fold for the comet assay. Viability of lymphocytes cells was evaluated by the trypan blue exclusion test method, and samples showing cell viability more than 84% were further processed for the comet assay.[@b14-ott-8-295] About 15 μL of cell suspension (approximately 20,000 cells) was mixed with 85 μL of 0.5% low-melting point agarose and layered on one end of a frosted plain glass slide that had been previously coated with a 200-μL layer of normal agarose (1%). Finally, the slide was covered with a third layer of 100 μL of low-melting point agarose. After the solidification of the gel, the slides were immersed in lysing solution (2.5 M NaCl, 100 mM disodium ethylenediaminetetraacetic acid \[Na~2~ EDTA\], 10 mM Tris pH 10 with 10% dimethyl sulfoxide, and 1% Triton X-100 freshly added) overnight at 4°C. The slides were then placed in a horizontal gel electrophoresis unit, immersed in fresh cold alkaline electrophoresis buffer (300 mM NaOH, 1 mM Na~2~EDTA, and 0.2% dimethyl sulfoxide, pH \>13.5), and left in solution for 20 minutes at 4°C for DNA unwinding and conversion of alkali-labile sites to single strand breaks. Electrophoresis was carried out by using the same solution at 4°C for 20 minutes at 15 V (0.8 V/cm) and 300 mA. The slides were neutralized by washing them three times with 0.4 M Tris buffer at a pH of 7.5 to remove excess alkali, and then they were stained with 75 μL ethidium bromide for 5 minutes to visualize DNA damage. As a positive control, the liver cells were treated ex vivo with 100 μM H~2~O~2~ for 10 minutes at 4°C. Two slides per specimen were prepared (25 cells per slide, which is equivalent to 250 cells per unit of concentration). The slides were randomly scored by using an image analysis system (Komet-5.5; Kinetic Imaging Ltd., Liverpool, England) attached to a fluorescent microscope (Leica Microsystems, Wetzlar, Germany) equipped with appropriate filters. The parameter selected for quantification of DNA damage was percent tail DNA (percent tail DNA =100% -- percent head DNA), as determined by the software.

Staining for apoptosis
----------------------

By using the manufacturer's specified protocol, paraffin-embedded sections of liver tissue of control mice, mice treated with AgNPs over 24 hours, and mice treated with AgNPs over 72 hours were stained for apoptotic nuclei by using the terminal deoxynucleotidyl transferase mediated deoxyuridine triphosphatase nick end labeling (TUNEL) assay (GenScript USA Inc., Piscataway, NJ, USA). Two slides from each group were manually quantitated for the total number of cells and for apoptotic cells within the liver tissue. Photographs were taken by using an optical microscope (Olympus Microscope BX51 with Digital Camera; Olympus Corporation, Tokyo, Japan).

Histopathology
--------------

As previously mentioned, Swiss albino mice were treated with intraperitoneal doses of AgNPs for either 24 hours or for 72 hours. After treatment, the mice were sedated and euthanized by decapitation. Fresh portions of the lateral lobes of the liver from each mouse were cut rapidly, fixed in neutral buffered formalin (10%), then serially dehydrated with different grades of ethanol (70%, 80%, 90%, 95% and 100%). Dehydration was followed by clearing the samples in two changes of xylene. Samples were impregnated with two changes of molten paraffin wax, then embedded and blocked out. Paraffin sections (4--5 μm) were stained with hematoxylin and eosin by using the conventional histological and staining method.[@b15-ott-8-295] Stained sections of control and treated mice were observed, and the photos were taken by using the optical microscope to view alterations in the architecture, the hepatocytes, and the sinusoids and to detect the presence of degeneration, necrosis, fatty change, and portal fibrosis.

Statistical analysis
--------------------

At least three independent experiments were carried out for each evaluation. Results were expressed as mean ± standard error of mean (SEM) and statistically analyzed by one-way analysis of variance (ANOVA). A *P*-value of less than 0.05 was considered statistically significant.

Results and discussion
======================

The size and shape of AgNPs were seen by TEM and observed in nano range, but the AgNPs made small agglomerates in aqueous suspension. The average size measured by TEM was 43.60±6.40 nm ([Figure 2B](#f2-ott-8-295){ref-type="fig"}). AgNPs had a hydrodynamic size of around 189 nm, and their zeta potential was -23.8 mV. The physicochemical effects of nanoparticles come from their high surface area to volume ratio. Nanoparticles have a higher fraction of atoms on their surfaces than do microparticles; this property makes nanoparticles more reactive.

The main outcome of this study was that significantly greater levels (*P*\>0.05) of ALP, ALT, and AST were seen in mice treated with 26 mg AgNPs per kg body weight, 52 mg AgNPs per kg body weight, and 78 mg AgNPs per kg body weight than were seen in the control mice. The comparison between the mice exposed to AgNPs and those used as controls is shown in [Figure 3](#f3-ott-8-295){ref-type="fig"}. An initial step in measuring liver damage is a simple blood biochemical test to evaluate the presence of certain liver enzymes in the blood. The activity of these enzymes is normally used to determine liver function. Under normal conditions, these enzymes reside within the hepatocytes. But when the liver is injured, these enzymes are spilled in to blood stream.

Among the most sensitive and widely used of hepatic enzymes are AST and ALT. These enzymes are normally found within hepatic cells. If the liver is damaged, the liver cells spill into blood. The levels of enzymes are higher in cases of hepatic cell death resulting from shock or from drug or nanoparticle toxicity.[@b16-ott-8-295] As a result, the rate at which AgNPs are metabolized in the liver is believed to be dependent upon the injected dose and time. ALP, ALT, and AST levels are indicative of the functional efficacy of the liver and are very sensitive to all disease processes of the liver. The histological fluctuations perceived in the liver and the associated increases in ALP, ALT, and AST levels indicate compromised liver function. Apoptosis and DNA damage were seen in liver cells and lymphocytes of mice treated with AgNPs ([Figures 4](#f4-ott-8-295){ref-type="fig"} and [5](#f5-ott-8-295){ref-type="fig"}). Greater histological variations were noticed in the liver tissue samples of Swiss albino mice treated with AgNPs than in those of the control group ([Figure 6](#f6-ott-8-295){ref-type="fig"}). Histopathological observation showed AgNPs caused severe damage in the liver. Damaged liver cells develop leaky membranes, which allowed for the leakage of intracellular enzymes into the blood stream.[@b17-ott-8-295] In the present study, Kupffer cells may be more efficient at metabolizing AgNPs than are the liver endothelial cells. The difference between the rates of metabolism in these cells is believed to be dependent upon the differences in concentrations of AgNPs taken by the various cell types.[@b18-ott-8-295] Johar et al[@b19-ott-8-295] reported that AgNPs interact with proteins and enzymes in the interstitial tissue of the liver; this reaction prevents the antioxidant protection mechanism and leads to the production of reactive oxygen species, which in turn may initiate an inflammatory response.

Alteration and growth of liver cells with the stretching of the central vein and blood sinusoids show that AgNPs may disturb the permeability of the cell membranes of liver cells and of the endothelial lining of blood vessels. Enlargement of liver cells that have been treated with AgNPs, as seen with the growth of liver cells that were treated nanoparticles in another study[@b20-ott-8-295] and as seen in our study, may lead to the adaptation of cell transporters. Binucleation is a concern related to cell injury, and a type of chromosomal hyperplasia is typically observed in redeveloping cells.[@b21-ott-8-295] Cell puffiness may be accompanied by the escape of lysosomal hydrolytic enzymes and thereby may lead to the deterioration of the cytoplasm and macromolecules.[@b22-ott-8-295] Hydropic disintegration is a result of ion and fluid homeostasis and leads to an increase in intracellular water.[@b23-ott-8-295] The vacuole-related swelling seen in the cytoplasm of liver cells from mice exposed to AgNPs indicates acute liver injury.

We also observed that DNA damage and apoptosis in liver cells of mice treated with AgNPs increased in a dose-and time-dependent manner ([Figures 4](#f4-ott-8-295){ref-type="fig"} and [5](#f5-ott-8-295){ref-type="fig"}). Sporadic, spotty, and well defined areas of necrosis were also noticed in some liver cells from mice treated with AgNPs; this was due to oxidative stress. AgNPs have been shown to induce apoptosis and genotoxicity in plants (*Allium cepa* and *Nicotiana tabacum*) and in animals (Swiss albino mice).[@b24-ott-8-295] In the current study, after intraperitoneal exposure of AgNPs (78 mg per kg body weight), the difficulty encountered in clearance of these nanoparticles resulted in deposition of particles in the liver and caused hepatic lesions. The liver, which is the main detoxification organ in the body, is activated to eliminate the side effects induced by the ingested mass of AgNPs; a portion of these nanoparticles should be excreted by the kidney. Because of their small size and the difficulty in their clearance, AgNPs stayed in the animals; hepatic damage happened after intraperitoneal treatment because of the high concentration of AgNPs.

In conclusion, our results indicate that in Swiss albino mice, AgNPs induce apoptosis, histological changes in liver tissue, and genotoxictiy in lymphocytes. More histochemical and ultrastructure investigations are needed to correlate these types of damage with the therapeutic and diagnostic uses of AgNPs.
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![Schematic diagram of study design.\
**Abbreviations:** AgNPs, silver nanoparticles; TUNEL, terminal deoxynucleotidyl transferase mediated deoxyuridine triphosphatase nick end labeling.](ott-8-295Fig1){#f1-ott-8-295}

![Characterization of the AgNPs.\
**Notes:** TEM image of the particles (**A**). The size distribution histogram generated by using a TEM image (**B**).\
**Abbreviations:** AgNPs, silver nanoparticles; TEM, transmission electron microscopy.](ott-8-295Fig2){#f2-ott-8-295}

![Levels of enzymes that indicate liver function after exposure to AgNPs.\
**Notes:** Levels of ALP (**A**), ALT (**B**), and AST (**C**) in liver tissue samples of Swiss albino mice after exposure to AgNPs for 24 hours and for 72 hours. Each value represents the mean ± SEM of three experiments. \**P*\<0.05 indicates a statistically significant higher concentration of substance in mice exposed to AgNPs than in control mice.\
**Abbreviations:** ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IU, international units; bw, body weight; AgNPs, silver nanoparticles; SEM, standard error of mean.](ott-8-295Fig3){#f3-ott-8-295}

![Liver cell apoptosis after 72 hours of exposure to AgNPs.\
**Notes:** Apoptosis of cells in liver tissue of Swiss albino mice after exposure to AgNPs over 72 hours. Control (**A**); 26 mg AgNPs per kg bw (**B**); 52 mg AgNPs per kg bw (**C**); and 78 mg AgNPs per kg bw (**D**). Scale bar (▬) 20 μm.\
**Abbreviations:** AgNPs, silver nanoparticles; bw, body weight.](ott-8-295Fig4){#f4-ott-8-295}

![DNA damage in lymphocytes of Swiss albino mice after exposure to AgNPs.\
**Notes:** Control (**A**); 78 mg AgNPs per kg bw for 24 hours (**B**); and 78 mg AgNPs per kg bw for 72 hours (**C**). Percent tail DNA. Data are presented as mean ± SEM of three experiments (**D**). \**P*\<0.05 indicates statistically significant difference with respect to the control. Scale bar (▬) 20 μm.\
**Abbreviations:** AgNPs, silver nanoparticles; bw, body weight; SEM, standard error of mean.](ott-8-295Fig5){#f5-ott-8-295}

![Microphotographs of hematoxylin and eosin stained liver tissue.\
**Notes:** Mice injected with Milli-Q water demonstrated normal histological architecture after 72 hours of treatment (**A**). Mice injected with AgNPs (26 mg/kg bw) demonstrated lymphocyte infiltration in the hepatic portal space after 24 hours of treatment (**B**). Mice injected with AgNPs (52 mg/kg bw) demonstrated marked necrosis and scattered hemorrhages after 24 hours of treatment (**C**). Mice injected with AgNPs (78 mg/kg bw) demonstrated vacuolization of hepatocytes after 24 hours of treatment (**D**). Mice injected with AgNPs (26 mg/kg bw) demonstrated edema around the blood vessel after 72 hours of treatment (**E**). Mice injected with AgNPs (52 mg/kg bw) demonstrated binucleation of hepatocytes and lymphocytic infiltration after 72 hours of treatment (**F**). Mice injected with AgNPs (78 mg/kg bw) demonstrated swelling and hydropic degeneration of hepatocytes after 72 hours of treatment (**G**). All scale bars (▬) 50 μm. All image magnifications are 100×.\
**Abbreviations:** AgNPs, silver nanoparticles; bw, body weight.](ott-8-295Fig6){#f6-ott-8-295}
